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ABSTRACT 


A convenient procedure Is described to determine the hygral (moisture) 
behavior (moisture expansion coefficients and moisture stresses) of angle- 
plied fiber composites using a pocket calculator. The procedure consists 
of equations and appropriate graphs of (±0) ply combinations. These graphs 
present reduced stiffness and moisture expansion coefficients as functions 
of (±0) In order to simplify and expedite the use of the equations. The pro- 
cedure Is applicable to all types of balanced, symmetric fiber composites in- 
cluding interply and Intraply hybrids. The versatility and generality of the 
procedure is Illustrated using several step-by-step numerical examples. 


1.0 INTRODUCTION 


Moisture expansion coefficients and moisture strains and stresses in 
angleplied laminates are frequently required for the initial sizing of 
structural components made from the fiber composites. These coefficients, 
strains and stresses are referred to as composite hygral behavior. The 
significance of composite hygral behavior is extensively discussed in ref- 
erence 1. Moisture expansion coefficients and moisture strains and stresses 
are determined using composite mechanics and laminate theory usually in a * 
computer code (refs. 2 and 3). A computer code was used effectively (tef. 1) 
to evaluate moisture stresses in angleplied laminates and thereby assess the 
effects of these stresses on the structural integrity of composites. It is 
generally recognized that the use of a computer code is expedient and quite 
general. However, it does not provide the user with insight and instant feed- 
back of the laminate hygral behavior and capability as he proceeds with the 
design/analysis of the component. 


A convenient procedure (method) is described in this paper which can be 
used to determine the hygral behavior of angleplied laminates. The procedure 
» is suitable for hand calculations using a pocket claculator. It consists of 

simple equations and appropriate graphs of (iO) ply combinations from the most 
frequently used composites. The procedure makes use of the well known trans- 
formation equations, and laminate theory equations. Its structure is similar 
to that in reference 5 and 6. The procedure can handle all types of composites 
Including interply and Intraply hybrids. The procedure is Illustrated using 
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Btep'^by-step numerical examples. The discussion on this paper Is limited 
to lineer mechanical and hygral behavior of composites where the combined 
moisture temperature effects are neglected. This article presents simplified 
Individual approaches to the hygro thermomechanical behavior of components. 

An Integrated treatment Is described In reference 1 Including a review of the 
field up to 1977. Continuing Interest In the moisture behavior of composites 
Is evident from the research cited under Recent Relevant Articles. 

The paper and numerical examples are written mainly In a tutorial manner 
in order to Illustrate the step-by-step procedure. For this reason» the vari- 
ous sections are self cont^ilned as much as Is practical at the expense of some 
duplication. The notation used Is defined when It first appears, In general, 
and also summarized under symbols for convenient reference. Customary units 
are used throughout the numerical examples since these serve primarily to 
illustrate step-by-step numerical calculations. Appropriate conversion factors 
are given In the symbols. 


2.0 MOISTURE EXPANSION COEFFICIENTS 


The inplane moisture expansion coefficients (MECs) of [0/i0]g angleplied 
laminates are determined from the following equations: 

(vpeBQeii ■ '^cxyQe 21)6011 + ^Qei 2 - VcxyQe 22 )Be 2 £l 

+ VpoBQui “ ^cxyQl2l)6m <^U2 " ^cxyQj!,22)8jl2£l | j <2,1) 

6cyy “ {'^P0B^Q21 - VcyxQ01l)60U,+ <^022 ”* VcyxQo2l)P022] 

+ Vpo[(Qji21 - '^cyxQm) 6 m + (^122 “ ^cyx^m) 6 l 23 ] 

The composite moduli (E^^„ and E^„, ) and the composite Poisson' s ratios (v 
given by; 

cyx 


^cxx “ Qcxx 




<cxx 


vcxy 


, e "Vcyx “ 


uK 


<cyy 


'cxx 


The reduced laminate stiffness (Qj,'s) are given by: 


J 


Qcxx “ '^poQoii + '^poQui 
^cyy ''p0^e22 + VpgQjj.22 
^cxy “ '^p0^012 ^pO^JU2 


‘'■cyx J 


(2.3) 


(2.4) 
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The Qo's ere obtained from the appropriate flgurea 3 to 18. The Qjj^'a are 
equal to Qq'b at 0-0 in flgurea 3 to 18. Note that Qj^ 2 i " ^ 112 * ^8 * 

and 8)1,' a are obtained from the aame flgurea. The parameter V a aenutea the 
thlckneaa ratio of the ;;^-plleB to the total laminate thlckneaa Vhlle V_q la 
the correapondlng ratio for the 0 -pllea. Vp 0 and VpQ aatlafy the Identity: 

Vpe + Vpo - 1 (2.5) 


for 

( 2 . 2 ) 


The following procedure is convenient to calculate numerical values 

8 and 8 for a given rO/4>0]„ AFL using equations (2*1) and 
.cxx cyy «• ■'S 


1. Obtain values for Qqh, Qe22» Q912 “ Qe21* Qui» Ql22» Qjll2 “ Qa21 
8811» 8022 * Pfill and 8122 from the appropriate figures. Note that ten values 
are needed. 


2, Calculate values for Vpg and VpQ, respectively, 


■5 

thickness of i; 0 -plies 

( 2 . 6 ) 

P0 

thickness of APL 


thickness of 0 -plies 

(2.7) 

PO “ 

thickness of APL 


3. Calculate values for Qcxx» Qcyy and Qcxy using equations (2.4), 
using the information obtained in item ( 1 ) above and that obtained from equa- 
tions (2.6) and (2.7). 


4. Calculate values for ^cxx^ ^cyy^ ^c^^y and ^cyx using the informa** 
tion obtained in item (3) above. We use the well known relationship 


Vcyx 


E 

'’cxy 1 


cxx 


( 2 . 8 ) 


to check our numerical values. In summary, we need to look-up ten quantities 
from the graphs and calculate a minimum of seven others in order to determine the 
moisture expansion coaffielents (MEGs) 6 and p using equations (2.1) 

and ( 2 . 2 ). 

It is worth noting in equations (2.1) and (2.2) that the APL MECs depend 
on the properties of the ± 0 -plies (Qq'sIi, the 0-plles (Qjj,'s) and the APL (in-> 
tegrated) properties Ep. and Vp* Also, the APL Poisson's ratios (Vp) restrain 
the MECs of the APL since these quantities are preceded by a minus sign and, 
therefore, subtract from the total. Furthermore, the shear moduli contribute 
to the MECs through the Qq’s. In addition, equations (2.1) and (2.2) can be 
easily extended tor more tnan one set of d:0-ply combinations. Similar terms 


''p0j> [I H ®tc.i are added to accommodate this ease as will be de- 
scribed with a "nuiaerical example later, 

Example 2>1, - Calculate the MECs of the [±30/o£jg APL made from AS/E 

composite: (1) Following the procedure outlined in item (1) above, we obtain 
the Q’s from figure 7 and the B*s:'s from figure 8 both at 6 •• ±30 and 0 
(within curve reading accuracy) : 



11.3x10® psi 

Qj,ll « 18,7x10® psi 

‘^022 • 

2.9x10® psi 

Qj^22 " 2.0x10® psi 

*5012 * 

3.7x10® psi 

%21 * Qil2 “ 0.6x10® psi 


in/in7xK 
ln/in/%M 

in the composite, 

VpQ * 4/8 •“ 0,5 

(3) Following item (3), we calculate the Q^’s using equations (2.4) and 
carrying the units selectively for convenience 

Qcxx " '^peQeii + '^po^Jiii 

- 0.5 X 11.3x10® + 0.5 X 18.7x10^ - 15.0x10® psi 

^cyy ‘‘‘ VpoQji22 

« 0.5 X 2.9x10® + 0.5 X 2.0x10^ « 2.45x10^ psi 

Qcyx “ Qcxy “ ''pqQ 612 '^pO^Jlia 

« 0.5 X 3.7x10® + 0.5 X 0.6x10® - 2.15x10® psi 


®011 " -0.008x10“^ in/in/%M 


®022 " 0.060x10“ in/in/%M 


ail 0.006x10 
i22 " 0.129x10’' 


-.2 


bote the MECs are given in dimensionless form in in/in/% moisture 

(3) Following item (2), we calculate and V . 

PO pO 

Vpo * 4/8 » Q.5 
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(A) Following Item (A) , we calculata Ej,yy and v^j^y 

®cxx * %xx “ “ 15.0x10^ - « 13.1x10^ psi 


Ecvv “ ^cvy ’ “ 2.A5xlO® - - 2,lAxl0® psi 

cyy cyy IS.OxlO^ 


cxx 


Qcxv 2.15x106 

%yy 2.A5xIQ6 


« 0.878 


^cxy 2.15x10^ 
'’cyx ' " 15,0 x106 


0,143 


Check; v^y^ “ v'cxy 

*^cxx 


2 

0.1A3 » 0.878 -^'^r;>0.1A3 » 0.1A3 O.K. 

13.1x100 

(5) Using the above inlorwation in equations (2.1) and (2,2) and cancelling 
10® with 10“^ within the braces; 

{''pqB^qu “ '’cxy^021^ ^011 ^^012 “ ■OcxyQ022) ^023 


cxx E 


cxx 


“** '^poB^^i-11 “ ^cxy^il2l) %11 ^^112 “ '»cxyQjt22)*^Jl23} 


13.1x10® 


|o.5|[(11.3 - 0.878 X 3.7)(-0.008)+(3.7-0.878x2.9)(0.060)[ 

+ 0.5[jl8,7 - 0.878 x 0.6)(-0,008)+(0. 6-0. 878x2.0) (0.1293} 

- — fo.5po.06A+0.069l + 0,5ro.lA5-0.lA9|| 

13.1x10® V -1 -jj 


•* -O.OllxlO ln/ln/2M 


( tjm i 'll ) 
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cyy 


(Vp0 0^021 “ ''dyx%ll)®OU ^^022 ’* ^cyx%2x)<^02{| 


XO^ 


2 . l^xlO 
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2.14x10 


VpoQ'^'^Zl " (Qa 22 " ^cyxQjl2l)0l22]} 

|o.5 [(3.7 - 0.143 X 11.3)(-0.008)+(2,9 - 0.143 x 3.7) (0.060)1 
+ 0.5 [(0.6 - 0.143 X 18.7) (0.006) -f (2.0 - 0.143 x 0.6) (0.129)]| 
{o.3 [-0.0167 + 0.142] ^ 0.5 [-0,012 + O.243] 


^cyy " 0-08^xl0~2 In/in/XM 


Example 2.2 . - Calculate the MECs of the [0/i45/90]j5 API made from AS/E 
composite. This APL is commonly called pseudo-isotropic or quasi-isotroplc 
laminate meaning that the laminate behaves like an isotropic material with 
respect to its inplane elastic and hygral properties. Again we follow the pro- 
cedure outlined in items (1) through (5) and extend it to three different ply 
configurations (0, ±45, 90): 


(1) Obtain from figures / and 8 (within curve-reading accuracy) and using the 


first subscript 0 to denote 

all three 

conditions; 


Q and 0 

0 *• ±45 

0 “ 0 

0 » 90 

QqiI (106 psi) 

6,1 

18.7 

2.0 

Qq 22 P®i) 

6.1 

2,0 

18.7 

Q 02 I " QeX 2 (10*^ psi) 

4.8 

0.6 

0,6 

Soil (10-2 in/in/%M) 

0.011 

0.006 

0.129 

®022 (10-2 in/in/2M) 

0.011 

0.129 

0.006 


Note the 0-ply and 90-ply properties are complementary as expectpJ. 
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(2) The respective thickness 

ratios for this 

8-ply APL are: 

0 

Number of plies 

!Ei 

±45 

4 

4/8 - 0.50 

0 

2 

2/8 * 0.25 

90 

2 

2/8 - 0.25 


(3) The corresponding Q^'s are; 


^cxx “ '^p±45%45U '^pO%n '*■ VpgoQgoil 

* (Q.50 X 6.1 + 0.25 X 18.7 -f 0.25 x 2.0)xl0^ - 8.22x10® psi 

^cyy “ '^p±/*5^±<i522 + ''p0^022 ''p9qQ9022 

« (0.50 X 6.1 + 0.25 X 2.0 + 0.25 x 18.7)xlO® - 8.22x10® pel 

Qcyx * %xy “ '^p+ 45Q±4512 + ''p0%12 + Vp9oQ9022 

« (0.5 X 4.8 + 0.25 x 0.6 + 0.25 x 0.6)xl0^ - 2.70x10® psi 


(4) The APL moduli and Poisson's ratio are: 

^8 


E M Q £HZ 

^'cxx ^cxx Q 


^cyy * %yy q 




00 2-70^ \ 

“ 8.22 J 

* (b.22 - 

XX V'’' 8.22; 


cyy 

2 
c 

cxx 


Qcyy 


cyx ^ 2.70 
cxx 


^cyx * 8.22 


xlO® = 7.33x10^ psi 


xlO - 7.33x10® psi 


- 0.328 


0.328 


Check; vcyx “ v^,^y ^ 


m. 


cxx 


0.328 » 0.328 •> 0.328 » 0.328 O.K. 


The calculations for Bgyy, v^yx and for the "check" were carried out for 
comploteness since it is obvious that for this laminate E^yy " E^xx 
Vcyx “ ^cxy* 

(5) The MEGS for this Afb are calculated from equations (2.1) and (2.2) but 
are Reneralizcd to include more than two different ply combinatlona . The form 
of the equations using the summation sign ares 


^cxx * Yj ''pS [5^011 “ '^cxyQo2l)®011 + (Qei2 “ ^cxyQ022)®022l 

±45,0,90 


cyy E 


~ E V oOQ 

cyy Qn 
±45,0,90 


poB %21 " \ yx ^ 011^**011 ^%22 " \ yx ^ 02 l ^^022 


(2.9) 


where the sum is taken over 0 “ +45, 0 and 90, Using the values calculated 
previously in equations (2.9) and combining Che 10^ term with the 10"2 within 
the braces we have? 


7.33x10^ 


O.SoRful - 0.328 x 4.8)(0.011) + (4.8 - 0.328 x 6.1)(0.011)1 
3X10^ I U -J 

+ 0.25[(18,7 ~ 0.328 x 0.6) (0.006) + (0.6 “ 0.328 x 2.Q)(0.129)] 

+ 0.25 [(2,0 - 0.328 x 0.6) (0.129) + (0.6 - 0,328 x 18. 7) (0. 006)] | 


7.33x10" 


[o.50 [O.OSO + 0.03l] + 0.25 [o.lll - 0.00?] + 0.25 [o.233 - 0.033] j 


®exx " 0- 012x10“ 2 in/in/%M 


^y “ — io.50[(4.8 - 0.328 x 6.1) (0.011) + (6,1 - 0.328 x 4.8) (0.011)] 

7 ♦ 33xX0 ^ 

+ 0.2S[(0.6 - 0.328 x 18.7)(0.006) + (2.0 - 0.328 x 0.6)(0.129)] 

+ 0.2SQ0.6 - 0.328 x 2.0)(0.129) + (18.7 - 0.328 x 0. 6) (0.006)]| 

* — f O.OSO [0.03l + 0.050] + 0.25 [-0.033 + 0.233] + 0.25 [-0.007 + 0.11l]\ 

7.33x10^ i ^ J u j 


Bcyy - 0.017x10"^ in/in/%M 


1 
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as expected,. The reader may find it Instructive to note that: (1) the values 

within the various parentheses for ®cxy and Scyy are complementary. 


The reader will obtain valuable practice and insight by using the pro- 
cedure to calculate MECs of API with ply configuration of his choice and a 
different composite systeift. 

3.0 TRANSFORMATION OF MOISTURE EXPANSION COEFFICIENTS 


The moisture expansion coefficients (MECs) about any x'-y' coordinate 
axes of an orthotropic angleplled laminate APL with material symmetry about 
the x-y coordinate axes are given by: 


3 I • 
cx'x 

Soy'y' 




cx'y' 


<®cyy " 2, 


(3.1) 


Where the notation in equation (3.1) is as follows: Scx’x* 3cy'y' 

$cx’y' about the new coordinate system xly'; &nxx^and Scyy 

are the MECs about the x-y coordinate systam and are calculated as described 
in Section 2; ♦ is the angle that the x* axis makes with the x axis. Note, 
^cx'y' ® shear- type moisture deformation which is present along any x'-y’ 
coordinate system x'-y’ located at some angle where 0 < 4^ ^ 90 since 
sin2<(> 0 in this range. 

To perform the calculations using equations (3.1) we need the MECs fexx 
6cyy ®iad the angle iji. The MECs for the APL of interest are either known or 
can be computed using the procedure and examples described in the previous 
section. The angle ^ is known once the coordinate x'-y' axes has been sel- 
ected. 


Example 3.1. - Calculate the MECs of the [±30/oJg APL made from AS/E 

composite about an x'-y' coordinate axes where the x'axis is located by 

15* from the x-axis. From example (2.1) 0cxx " -0.011xl0"2 ln/ln/%M and 
3cyy " 0.08AxlO”2 In/in/XM. Using these values in equations (3.1) we have: 


2 2 

6 , , * S co^/' (ii+ g sin 4 

'^cx'x' exx ^ cyy ^ 


- (-0.011 cos2 15* +0.084 sln2 15») x 10“2 ln/ln/%M 

- -0.005x10"2 in/ln/%M 


(Cont'd.) 
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B “ 0 sin^* + 0 , cos^ij 

*^cy'y' cxx ^ cyy 

« (-0.011 sin^ 15* + 0,084 cos IS") x 10"^ In/in/XM 

- 0.078x 10“2 ln/in/%M 
®cx'y' - ^^yy " 

« [[o.084 - (-Q.011)] sin2(15*) | 10”^ ln/ln/%M 

“^cx'y' ■ 0.047.0x10"^ In/in/XM 

As can be seen, the shGar-type MEG Bc/,*y' is substantial. Restraining this 
API, along the x'-y* coordinate axes will induce considerable in-plane shear 
stresses. 


4. LAMINATE MOISTURE STRAINS AND STRESSES 


Along the laminate material axes . - The equations for calculating moisture 
strains e^xy snd s^yy along the laminate x-y coordinate axes are; 


Skx “ <«-»“> «cxx 


'exx ■ 'ey, 


(4.1) 


where M is the present and Mo is the reference moisture (usually zero); 
and Ecjty and 0cyy are the MECs which are either known or can be determined as de- 
scribed previously. Use of equations (4.1) requires that the MECs be independent 
of moisture within the range M-Mo. 

Example 4.1. - Calculate t!m moisture strains for the [t30/02 3 g A?l made 
from AS/E composite (Example 2.1) where M“171 and Mo“0. The values for the MECs from 
from Example 2.1 are: 

Pcxx " -O' 011x10-2 in/ln/XM; 0^yy - 0.084xl0"2 In/in/XM 
Substituting these values in equation (4.1), we obtain: 

6 - (M-Mo)0cxx * (1.0 - 0) (-0.011x10-2) * -110x10“^ in/ln 

exx 

e « (M-Mo)0cyy =* (1.0 - 0) (0.084x10-2) - 840x10"® in/in 
cyy // 


The equations to calculate corresponding moisture stresses, assuming that the 
laminate is completely restrained from moisture expansion, are: 

^exx " AM(Qcxx^cxx QcxyScyy^ 

°cyy - AM(QcyxPcxx + QcyyBcyy) 


(4,2) 
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where » (M - Mg) 5 the Q^'s end 0 'b are determined as described pre- 
viously. 


Example 4.2. - Calculate the restrained moisture stresses in Example 4.1. 
Referring to Examples 2.1 and 4.1, we have; 


Qexx - 15.0x10^ psi 

Sexx " -0.011xl0“2 in/in/XM 


Q(jyy * 2.45x10^ psi 

g^jyy - 0.004x10“^ in/in/XM 

Qcyx * 

Qexy " 2.15x10^ psi 

m " (1.0 - 0) - 1% 


Using these values in equations (^<.2) we obtain (combining 10^ with 10“^); 

0CXX ** “ ^^'^CQcxxScxx Qcxy^cyy^ 

- - l.O [15.0 X (-0.011) + 2,15 X 0.084] xlO^ 

- - l.O (-0,165 + 0.181) 

* - 160 psl «« -0.16 ksi 

®cyy "* " ^^^^cyx®cxx ^cyy^cyy) 

- - 1.0 [2.15 X C-O.OXl) + 2.45 X 0.084] xlO^ 

« - 1,0 (-0.024 + .206) xlO^ 

» - 1660 psi «»1.7 ksi 

Two points are worth noting in connection with the above values of these 
moisture stresses: 

1. The moisture stresses and 0{.yy are relatively small (0.2 and 7.7 
percent, respectively) compared to the corresponding compressive failure stress- 
es of the laminate Scxxc “ 83 ksi and S„y^„ * 22 ksi, based on first ply failure 
(ref. 5). 


2. The magnitude of these moisture stresses may be sufficiently high to 
cause panel buckling. For example, a 20 in. x 10 in. x 0.04 in. panel from 
this 8-ply APL has buckling stresses of about 0^^^ - -8.2 psi and 0 “ -82 

psi (calculated using the equation in ref. 7) or approximately 5 percent of the 
restrained noisture stresses which are relatively low. A panel with this geom- 
etry will buckle at an increase in moisture of about 0.05%. The important 
conclusion from the discussion in this example is that moisture stresses need 


be considered carefully by the designer/analyst in situations where restraints 
may be present. It is noteworthy to compare these buckling stresses with those 
of the same panel made from aluminum. The aluminum panel will buckle at about 
twice the stress and be twice as heavy. The two panels are equivalant on the 
buckling stress to weight basis. 


5.0 PLY MOISTURE STRAINS AND STRESSES 


It is instructive to describe the ply moisture Strains and stresses in the 
plies of an APL by breaking them down into three "commonly thought-of" types. 



12 


These types ares 


1. Restrained - APt is restrained from moiature expansion. 

2» Free - API. is free to undergo moisture expansion. 

3. Combined ~ Combinations of free and restrained. 

The ply moisture strains and stresses to be described are those along the ply 
material axes 1, 2i 3i figure 1. For convenience, the strains along the 1- 
direction (fiber direction) are defined by and the stresses by those 

along the 2-dlrection (transverse to the fiber direction) are defined by Cj^22 
and 0^22’ those in the 1-2 plane (Intralaminar shear) are defined by 

®il2' 


Restrained APL. - The ply moisture strains for this case are given by 

" '=122 “ e^ll * 0 (5.1) 

The corresponding ply stresses are given by 

" ■" ^^^^‘^lll^lll ^S,12^122J 

” ^^(Q121%ii + ofjl22®A22) (5*2) 

°U2 " 0 


where AM equals the change in moisture. Where the Qjj's are the reduced ply 
stiffness and the 6o's are ply moisture expansion coefficients (ply MECs) . 
The ply reduced stiffness Qjj,*s and the MECs can be estimated from figures 3 

to Id at 0 » 0®. Equations (5,2) show that the ply material axes moisture 

Stresses in an APL restrained from moisture expansion depend only on ply 

properties. Also, there is no intralaminar shear stress for this case. 

Example 5.1. - Calculate the ply moisture stress in the plies of the 
[i30/0T7APL7*'made from AS/E composite, where the moisture is increased 
from 07, to 1% and the APL is restrained from moi.sture expansion. The num- 
erical values we need for these calculations are determined as follows; 
Figures 7 and 8 at 0 » 0° 


« 18.7x 105 psl, 0^22 • 2.0x10^ psl 


Qjl21 “ Qua “ 0 * 6 x 106 psl 


Sjiii >= 0. 006x10-2 /;jM; ^122 “ 0.129xl0“2/ZM 


and AM •• 1.0% Gonsiscent with the previous definition. Using these numer- 
ical values in oquationa (5. 2)i wo calculate 

“ *• ^hn^i2z) 

- - 1.0 (18.7 X 0.006 + 0.6 X 0.129) xlO^ “ - 1896 psi - 1.9 kai 

da 22 “ am(Q)!, 2 i 8 s,ii + 

“ - 1.0 (0.6 X 0.006 + 2.0 X 0.129) xlO^ - - 2616 psi - 2.6 ksi 
Free APL. - The ply moisture strains for this case are given by; 

HU " ^^cxx®°®^® ^cyy®^"^® ' ®Hi^ 

CJ 122 “ ^^cxx®^"^® ^cyy*^®®^® " ^*■ 22 ^ (5. 3) 

H12 “ - 8^^^)sin2e 

The corresponding ply stres^ies are given by: 

0^11 •« AM (6uiCPcxx'^°s2g + BcyySin^O - + q^Z (3cxx»^’^^® ^ 3cyyCOs2e-pj^22)3 

°lZZ ^ tQa21^>^cxx^°®^° ^cyySin^G - 6j,ii) + Qjt22(Pcxx®^"^® '' PcyyCOS^G -6^22)] 

°JU2 “ [^5,33 (3cyy " 3 cxx)®^”^®3 . 

(5.4) 

Also, when the ply moisture strains are calculated using equations (5.3), the 
corresponding ply stresses are given by; 

®S ,11 “ %ll*^jai Qill 2 ^Jl 22 

'^^22 % 21 ^ill + % 22 ^J 122 ( 5 . 5 ) 

'’U 2 “ ^J!-33H33 

where the strains (ej,) are calculated from equation (5.3). 

Example 5.2. - Calculate the ply moisture strains in the plies of the 
[±30/02 ]s APL, made from the AS/E composite, where the moisture is Increased 
by 1% and the APL is not restrained from moisture expansion. We will cal- 
culate the ply moisture strains in the +30* plies, in the -30* plies and in 
the 0*-plies by using equations (5.3). The numerical values we need are; 
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m 

Q 


^cyy 


- 1 . 0 % 

- 30®, -30°, 0° 

« -0.011x10" 2 in/ln/%M > 
« 0.084x10”^ in/ln/%M 
■ 0.006x10"^ in/in/%M 
•* 0.129x10"2 ln/in/%M 


(These values are taken from Example 2.1) 


30°-ply. “ Substituting these numerical values and 0 * 30° In equa« 
tions (5.3) we calculate: 

eul * AM(0 cxx°°«^Q " hll> 

» 1,0(-0.011 X cos^SO® + 0.084 x sin^30* - 0.006) x 10"2 in/in 


“ 67.5x10"^ in/ in or “ 0.007% 

^£22 ^ AM(g^.j^j,sln20 + B^yy^os^O - B 1122 ) 

» 1.0(-0.011 X sin^SO® + 0,084 x cos^SO® - 0.129) x 10“^ in/in 


« -688x10"^ in/in -0.069% 


°£12 * ^M(Bcyy ®cxx^®^°^® 

= 1, u [0.084 - (-0.011)1 x10“^ sin 60* 


« 822 in/in 0.082% 


-30®“ply. - The moisture strains in the -30® ply are the same as those in 
the +30° plies for eji,ix ^122 opposite sign for Cjj,x2‘ The reader 

can readily verify that this is the case by inspection of the appropriate 
equations. 

0°-ply. - Substituting the above numerical values and 0 ■ 0° in equa- 
tions (5.3) we calculate: 
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Hil “ 

* 1,0(-0.011 X cos^O* + 0.084 x sin^O” - 0.Q06) x 10"^ In/in 

- -170x 10“6 in/in « -0.017% 

ti22 “ + Bj,yycos^0 - Pj^az) 

« 1.0(-0.011 sin^O* + 0.084 x cos^O* - 0.129)xl0"2 

- -450x10“^ in/in -0.045% 

ejtiz * AM(Pcyy " 

» 1.0 [O. 084 - (0.011)] sin 2(0) o°) 

» 0.0 


The reader will find it instructive to compare the corresponding moisture 
strains in the 30° and 0° plies. Both normal strains ejj,u and Cjj,22 the 
30* ply are about the same as those in the 0* plies while the shear strain 
has the largest magnitude in the 30° plies and is "zero" in the 0° pliesT 

Example 5.3. - Calculate the corresponding moisture stresses in the plies 
in Che APL of Example 5.2. To calculate the corresponding moisture stresses 
wo can use either equations (5.4) or (5.5) since we already calculated the 
strains in Example 5.2. We will use equations (5.3) for convenience. In 
order to use equations (5.5), we need numerical values for the reduced ply 
stiffnesses Qj, and corresponding moisture strain values ej, from Example 5.2. 
We tabulate these numerical values for convenience. 


Reduced Ply Stiffnesses in 10*^ psi 
(fig. 7 at 0*0° or from 
Example 5.1) 

Qm “18.7 

Qi22 “ 2.0 

Qi21 “ QU2 “0-60 

^i33 “ 


Moisture Strains in 10”8 in/in from 



Example 5 

.1 for 

0 = 


30° 

-30° 

0° 

°J!,11 

67.5 

67.5 

-170 

°i22 

-688 

-688 

-450 

^112 

822 

-822 

0 
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Using porrospomling values in equations (5,5) we have (cancelling 10” with 10 ” 
for convenience) 

" ^Ull^^JLll + ‘Ul2eu2 

» 18.9 X 67.5 +0.6 x (-688) - 863 psi 

°i22 " ^a21^Jlll %22^«,22 

« 0.6 X 67.5 + 2.0 X (-688) - -1336 psi 

°U2 " ^il33''n2 " 

“•3Q°-ply ! °i22 +30° ply: 

oj,x2 opposite sign or Q%X2 " 

O^rElX: °Jlll • Qui^itll Qu2^U2 

» 18.9 X (-170) + 0.60 X (-450) » -3483 psi 

<^a22 “ Qa2iEaii + Qa22^a22 

- 0.60 X (-170) + 2.0 X (-450) - -1002 psi 
°U2 ■ '5 u3'^U2 ■ ° 


The interesting point to be noted from the numerical values of the ply 
moisture stresses is that the transverse ply stresses o »22 are compressive 
and are about 3 percent of the compressive ply strength (Sj_22C equals about 
35 ksi at IX moisture). 
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6.0 CONCLUSIONS 


A convenient procedure Is described to determine the hygral behavior (mois- 
ture expansion coefficients and stresses) of angleplied fiber composites, The 
procedure consists of equations and appropriate graphs of (+0) ply combinations. 
These graphs consists of reduced stiffness and moisture expansion coefficients 
of frequently used composites and hybrids as functions of +6 in order to simplify 
and expedite the use of the equations. The procedure is applicable to all types 
of balanced, symmetric fiber composites including interply and intraply hybrids. 
The versatility and generality of the procedure is illustrated using several 
step-by-step numerical examples. The step-by-step numerical examples are set up 
so that the calculations can be made using a pocket calculator. Some of the num- 
erical examples were selected to illustrate significant implications of composite 
hygral behavior in design applications. One percent moisture change induces neg- 
ligible ply stress in angleplied laminates. These moisture ply stresses can be 
neglected in general. However, thin angleplied laminates restrained from free 
moisture expansion need be checked for possible buckling even at low moisture 
levels . 

7.0 SYMBOLS 


APL 

AS/E 

B/E 

Ec 

Eq 

HMS/E 

K/E 

N 

AM 

MEG 

Qc 

% 

Si 


angleplied laminate 

AS-graphite-fiber/epoxy-matrix composite 
boron- f iber/epoxy-matrix composite 

laminate modulus - subscripts x,y denote structural axes directions 

ply modulus - subscripts 1,2 denote ply material axes directions 

high modulus graphite-f iber/epoxy-matrix composite 

Kevlar- fiber/epoxy matrix composite 

Moisture, % by weight in composite 

moisture change, 7 > by weight in composite 

moisture expansion coefficient 

reduced laminate stiffness - subscripts x,y denote structural axes 
directions 

reduced ply stiffness - subscripts 1,2 dentoe ply material axes 
directions 

reduced stiffness for ±0 symmetric laminate - subscripts 1,2 
denote material axes directions 

ply strength - subscripts 1,2 denote ply material axes directions; 

- subscripts T, C, S denote type 


S-G/E 


S- glass-fiber/epoxy-matrix composite 
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Vp ply thickness ratio - subscripts 0, 0, 90 denote ply designation 

to which tlie ratio applies 

x,y,z structural axes coordinate directions 

1,2,3 material axes coordinate directions - 1 taken along the fiber direction. 

2 transverse to the fiber and 3 through the thickness 

E/”/"]- laminate configuration designation - numbers in the blanks denote 
® ply stacking sequence and orientation - subscript S denotes 
symmetry about ply in last blank space 

Sc laminate MEG - subscripts x,y denote laminate structural axes 

directions 

ply MEG - subscripts 1,2 denote ply material axes directions 

0Q 10 laminate MEG - subscripts 1,2 denote material axes directions 

Ec laminate strain - subscripts x,y denote structural axes directions 

Ej^ ply strain - subscripts 1,2 denote material axes directions 

0 ply orientation angle measured from the x-laminate structural axes 

to the 1-ply material axes and taken positive 

V laminate Poisson's ratio - subscripts x,y denote structural axes 

directions 

ply Poisson's ratio - subscripts 1,2 denote ply material axes 
directions 


0 ^ laminate stress - subscripts x,y denote structural axes directions 

ply stress - subscripts 1,2 denote material axes directions 

<}) laminate coordinate axes x', y', z' orientation other than the 

structural axes x, y, z measured from the x axis to the 
x'-axis and taken positive. 


Gonversion factors; 
MPa » 6,89 ksi 
ksi « 0.145 MPa 
°C « 5/9 (°F - 32) 
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table I, - W MCAL PROPERTIEii OF UNIDIRECTIOMAL FIBER COMPORTES AT ROOM TEMPERATURE 

. . B 


Preptirile* 

UnlU 

Bditm/ 

•poxy 

Bo lain/ 
polylmide 

Scolchply/ 

epoxy 

Modawrl/ 

tgMMy 

Modaaorl/ 

pplylMtde 

Tbomel 300/ 
•poxy 

Kevlar 48/ 
epoxy 

Qraphite 

Ai/epoxy 

1 Filler wlume rallo 

— 

o.so 

0.48 

0.72 

0,45 

0.45 

0.70 

0.54 

0.60 

3. Dvitult) 

lb/ In* 

0.073 

0.072 

0.077 

0.056 

0.056 

0.058 

0 048 

0.057 

3 LoogiiuUlnal IheriMl 

I0’*ln/ 

3.4 

2.7 

2.1 



0.01 

>1,60 

0.40 

coefflcteni 

ln/®F 









4. Tnmaverse thermal 

lO’V 

16.8 

1S.6 

9,3 

18.5 

14.1 

12.5 

31.3 

16,4 

raefncieiit 

ln/®F 









$. LonttUudinal mmiulua 

10® pal 

28.S 

32.1 

8.8 

27.8 

31.3 

26.3 

12.2 

16.0 

0. Tnmsvarae modulut 

10® psi 

3.15 

2.1 

3.6 

1,03 

0.72 

1.5 

0.70 

2.2 

7. Shear modulua 

10® pal 

0,71 

1.11 

1.74 

0.9 

0,65 

1.0 

0.41 

0.72 

S. Malor PoUioiva ratio 


U.17 

0,16 

O.OI 

0.10 

0,25 

0.28 

0.32 

0,25 

0, Minor P^>li»on'« ratio 



0.02 

0.02 

0.09 



0.02 

O.Ol 

0.02 

0.34 

to. LonKitudinol tenille 

pal 

198 000 

151 000 

187 000 

122 000 

117 000 

218 000 

172 000 

220 000 

aircnjsth 










111 Longitudimi) cOm- 

pal 

232 000 

158 000 

119 000 

128 000 

H 600 

247 000 

42 000 

180 000 

presHive atrcngth 










12 Transverae tenallo 

pal 

BIOQ 

1600 

0670 

6070 

2150 

6850 

1600 

8000 

strengtti 










13 Tritnaverac compres- 

pal 

17 900 

9100 

2‘ 300 

28 500 

10 200 

nfi 7^0 

^(m 

aqq 

Blvc atrcngth 










14. Intralaminar ahear 

pal 

9100 

3750 

6600 

8000 

3150 

9800 

4000 

10 000 

strength 










is, Longitudinal molat- 

10'*ln/ 

0,003 

0,003 

0,014 

0. 003 

0. 003 

0.006 

0,008 

0. 006 

ure coeffloIcBt 










IS, Tranaverta Moitt- 


0. 168 

0, 168 

0, 128 

0.129 

0, 129 

0.128 

0, 151 

0,129 

ure cociOclant 








































